Elastic and plastic strain evolution under four-point bending has been studied by synchrotron energy dispersive x-ray diffraction. Measured strain profiles across the specimen thickness showed an increasing linear elastic strain gradient under increasing four-point bending load up to ϳ2 kN. The bulk elastic modulus of Ti-6Al-4V was determined as 118 GPa. The onset of plastic deformation was found to set in at a total in-plane strain of ϳ0.008, both under tension and compression. Plastic deformation under bending is initiated in the vicinity of the surface and at a stress of 1100 MPa, and propagates inward, while a finite core region remains elastically deformed up to 3.67 kN loading. The onset of the plastic regime and the plastic regime itself has been verified by monitoring the line broadening of the ͑100͒ peak of ␣-Ti. The effective compression/tension stress-strain curve has been obtained from the scaling collapse of strain profile data taken at seven external load levels. A similar multiple load scaling collapse of the plastic strain variation has also been obtained. The level of precision in strain measurement reported herein was evaluated and found to be 1.5ϫ 10 −5 or better.
I. INTRODUCTION
Recent advances in synchrotron based high energy x-ray diffraction techniques allow one to nondestructively profile strain variations on a microscopic scale as a function of depth within bulk specimens and coatings. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Such diffraction techniques probe the changes in atomic interplanar spacings, and hence only the elastic portion ͑ e ͒ of the strain. The total elastoplastic strain ͑͒ is given by = e + p ͑1͒
and involves both the e and the plastic deformation strain ͑ p ͒. In the cylindrical symmetry bending geometry considered in this paper it will be seen that the elastic, plastic, and total strain contributions can each be determined from the diffraction measurements. The mechanical response of a metal plate well into the plastic deformation regime is important in many materials applications. In addition, it forms the foundation for further analysis of the microscopic origins of reversible elastic behavior and irreversible plastic deformation by dislocation glide in single phase and multiphase alloys. 12 Here, a systematic energy dispersive x-ray diffraction ͑EDXRD͒ study of in situ elastoplastic bending of a Ti6Al-4V plate is presented. The purpose of this study is to provide a self-consistent macroscopic phenomenological description of elastoplastic response in Ti-6Al-4V under the combined tensile and compressive response intrinsic to beam bending. Ti-6Al-4V possesses novel mechanical properties and is of great technological utility thereby adding importance to the present study. 13 
II. EXPERIMENTAL

A. Preliminary assessment
The material of interest for this study is a commercial two-phase alloy consisting of bcc-Ti ͑a = 3.31 Å͒ ͑Ref. 13͒ and hcp-Ti ͑a = 2.9504 Å and c = 4.6831 2 Å͒. 13 The grain size was determined to be ϳ5-10 m by metallographic analysis of polished samples which were etched in 92% distilled water, 6% HNO 3 , and 2% HF solution.
14 In-house laboratory x-ray diffraction using / 2 showed that the Ti6Al-4V exhibited ͑h00͒ texture as revealed by the ͑100͒ reflection in the bcc-Ti phase, and ͑h00͒ and ͑h0l͒ textures as revealed by the ͑100͒/͑002͒ and ͑102͒/͑103͒ reflections in the hcp-Ti phase for which the order of texture hierarchy is ͑103͒ Ͼ ͑002͒ Ͼ ͑102͒ Ͼ ͑100͒ with ͑103͒ being the most dominant texturing direction.
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B. Four-point bending
The four-point-bending technique is preferred in this study because it creates a large central region of uniform radius of curvature. 15 A schematic of the four-point bending geometry used in the in situ x-ray experiments is shown in Fig. 1͑a͒ . The external force P =2F exerts an applied bending moment M = F͑d i − d o ͒, which in turn induces a curvature of radius R ͓see inset of Fig. 1͑a͔͒ in the central region of the specimen. The external force, P, was applied by a screw mechanism and monitored by a load cell. Figure 1͑a͒ implic-itly assumes that the degree of bending is modest. Hence, the forces, F, are perpendicular to the plate. When appreciable bending is induced, as is the case here at the higher loading values, detailed corrections to the bending moment versus applied load must be made. Since the bending pins extend beyond the width of the specimen, the bending of the plate is constrained to have a cylindrical symmetry. Furthermore, at the minimum load needed to hold the specimen in position, the x-ray bending measurements ͑see Sec. III A͒ were found to be more sensitive than the load cell measurement. The correlation of the load cell and x-ray measurement results leads to a constant +0.05 kN corrective shift to the effective load values. This small correction does not impact any of the central observations presented herein and the conclusion appertaining thereto.
The samples used for this study were commercial aerospace-grade Ti-6Al-4V in the form of a plate with dimensions L = 76.2, b = 25.5, and h = 1.59, all in millimeters ͓see Fig. 1͑b͔͒ , resulting in aspect ratios ͑L / h͒ = 48 and ͑b / d͒ = 16. The bending moment of inertia for this plate about the x 2 -axis ͓see Fig. 1͑b͔͒ was I = 8.47ϫ 10 −12 m 4 .
C. EDXRD measurements
The EDXRD measurements used for this work were performed at the Brookhaven National Synchrotron Light Source ͑NSLS͒ on the superconducting wiggler beam line X17-B1. The experimental setup, illustrated schematically in Fig. 2 , involves the incident radiation scattering at a fixed angle 2 ͑3°in this study͒. [1] [2] [3] [4] The energies, E, of the Bragg peaks are given by E = ͓d hkl sin͔͑͒ −1 , where d hkl is the interplanar spacing associated with the ͑hkl͒ reflection of interest. Here = 0.5hc, where h is Plank's constant and c is the speed of light. In the conventional units, where d hkl is measured in Angstroms and E in keV, one has = 6.199 Å keV. [1] [2] [3] [4] [5] [6] [7] [8] At a given position inside a specimen the value of an interatomic spacing ͑d͒, as determined from the energy ͑E͒ of a given Bragg line, can be used to determine the elastic strain value
Here, E is the energy of the Bragg line of interest, which was obtained by peak fitting using a Gaussian profile shape function, while d 0 and E 0 designate the stress-free interplanar lattice spacing of the Bragg line and its corresponding energy, respectively. A strain profile through the specimen can then be obtained via a sequence of such strain measurements as a function of position. For the Ti-6Al-4V studied here, the d 0 and E 0 were determined from the line profile of the virgin specimen as the net stress across it must be balanced, i.e., zero total force on the specimen. The ͑100͒ Bragg line of hcp-Ti ͑also known as ␣-Ti͒ was used for the strain measurements because it does not suffer from peak overlap from other neighboring ͕hkl͖ peaks and has high intensity. 4 In Fig. 3 , typical and representative ͑100͒ Bragg lines corresponding to strain values of 0 and Ϯ0.008 are shown to illustrate the well-resolved, large line shifts involved in these experiments.
In the diffraction geometry used here ͑see again Fig. 2͒ , the direction of the incident beam was parallel to the x 2 -axis. The scattering gauge volume ͑GV͒ was defined by the intersection of the incident and scattered beams collimated to heights d i and d s , respectively. The x 1 -x 3 cross section of the GV was a square of d i ϫ d i . At the small angle used, the total length of the GV along the x 2 direction is approximately ͑d i + d s ͒ / sin͑2͒. 1 In this experiment the d s value was set larger than d i to extend the GV in the x 2 -symmetry direction. This increases the scattered signal and the number of grains averaged over the GV. With the d i =60 m and d s = 100 m values used in this experiment, the GV total length was ϳ3 mm. Using the upper limit grain size of 10 m, the number of grains in the GV is 11 000 grains, which is sufficient for good counting statistics.
The GV was positioned midway through the specimen thickness ͑b = 25.5 mm͒ in the x 2 direction and along the line Young's modulus determined from the low load experimental results along with the literature value for the Poisson ratio of ␣-Ti were used in computing the stress from the measured strain profile data. Since only the ͕100͖ ␣-Ti Bragg line has been used as a marker in the strain profiling, the disparity between the bulk and anisotropic crystalline elastic constants has been neglected in this work. 9, 16 The level of elastoplastic detail available in the present study motivates this approach. The micromechanical anisotropic origins of the bulk deformation will be considered elsewhere
The fitted full width at half maximum ͑FWHM͒ of the ͕100͖ ␣-Ti Bragg line has been used to monitor the plastic deformation in a semiquantitative manner because it is intimately related to the appertaining dislocation density associated with plastic deformation. 17 While the Bragg line FWHM is numerically dominated by a large, but highly stable, electronic broadening ͑proportional to the energy͒ in EDXRD, the stability of this electronic broadening effect allows one to probe variations in the coherently diffracting domain size, which is related to the dislocation density. [18] [19] [20] In this study, the principle 11 strain component has been measured and analyzed. The orientation of the sample, with the x 3 direction normal to the curved surface, deviates by the angle ͑1.5°in this study͒ from the scattering vector direction. Hence, strain measured in this case technically deviates from the true 11 by a small systematic constant factor, which is negligible compared to other sources of error in the experiment. In principle, rotation of the sample by would remove this systematic error. However, such an operation would entail some sacrifice of the high spatial resolution achievable by aligning the incident beam along x 2 and parallel to the free surfaces at x 3 = Ϯ 0.5h ͑h is the specimen thickness͒, which is why this rotation was not performed. The size of the diffraction/GV in strain profiling along x 3 was 60 m. The incident and diffracted beam collimation has also been discussed at length elsewhere. [1] [2] [3] [4] Figure 4͑a͒ is a schematic of a typical tensile elastoplastic stress ͑͒ and strain ͑͒ curve ͑adapted from Ref. 21͒, which is used to define the terms used in the mechanical analysis presented herein. As noted in Eq. ͑1͒ the total strain is the sum of both elastic and plastic contributions. The degree of bending of a homogeneous plate of thickness, h, in response to a bending moment, M, is conventionally characterized by the local radius of bending R ͓see Figs. 1͑a͒ and 4͑b͔͒. In this case, one has a linear depth variation in the total strain, = ͑x 3 R −1 ͒, with the null plane ͑ =0͒ lying in the center of the plate at x 3 =0. 20 The schematic 21 in Fig. 4͑b͒ shows the stress ͑ in the x 1 direction͒ variation across a plate bent well into the plastic regime and also shows the linear variation in the total strain, , with depth. The stress variation has a linear elastic range in the center of the plate and saturates in the plastically deformed regions approaching the edges.
D. Bending mechanics and experimental geometry
For a plate with the x 3 dimension ͑h͒ much smaller than the x 1 and x 2 dimensions, such as the one considered here, the stress-strain relations are given by McClintock and Argon 22 as follows: 
M EЈI
where I is the bending moment of inertia of the plate. The cylindrical geometry imposed by our bending apparatus has been included in these relations. In this paper, the elastic contribution to the principle strain component relevant to the imposed bending, which is 11 , was measured. In what follows, subscript labeling elastic and plastic strain contributions will be used in the discussion. For simplicity the "11" subscript labels on the strain component will be hereafter suppressed; however, the fact that these discussions always deal specifically with the 11 component must be kept in mind. Figure 5͑a͒ shows EDXRD strain profiles for a Ti6Al-4V plate under a sequence of external loads between P = 0.5 and 3.67 kN along with a return to P ϳ 0 after load release. The neutral axis for this symmetrically bent beam is located at x 3 = 0. The region of linear elastic strain variation, which is centered on x 3 = 0, has a systematically increasing slope consistent with the decreasing bending radius of curvature, R, as the increasing applied load, P, increases the bending moment, M. The slight slope in the lowest load P = 0.05 kN reflects the finite, albeit low, load needed to hold the sample in position for the measurements.
III. RESULTS AND DISCUSSION
A. Strain profile
The onset of nonlinear strain saturation, which is indicative of plastic deformation, begins at the surfaces near the critical load of P = 2.04 kN. For loads above this critical value, the plastic deformation moves progressively into the interior of the specimen with increasing bending loads. Upon unloading from the highest load P = 3.67 kN to P ϳ 0 ͑after͒, one observes a residual plastic deformation and induced bending.
Using Eq. ͑2͒ one has 1 / R = ⌬ e / ⌬x 3 , where ⌬ e / ⌬x 3 is the slope of the linear portions of the curves in Fig. 5͑a͒ and R is the specimen's radius of curvature at a given load. The slopes of the linear-elastic-central portions of the curves in Fig. 5͑a͒ have been determined by least-squares fitting. The resulting radii of curvature, R = ͓⌬ e / ⌬x 3 ͔ −1 , are plotted in Fig. 6 versus the applied load, P. The solid line in the figure is the R ϳ 1 / P relation obtained from the two lowest loads. At higher loads where the bending becomes substantial the force F = P / 2 ͓see Fig. 1͑a͔͒ deviates from the perpendicular to the specimen surface. Plasticity effects also become important at the higher loads. Such effects will cause deviations from the simple R ϳ 1 / P; however, these deviations are beyond the intended scope of this paper. At the two lowest loads P = 0.05 and 0.715 kN, the bending moment M should be well approximated by the simple relation Fig. 1͑a͒ . The determined radius of curvature in this regime can be used in Eq. ͑4͒ to derive the estimate of Young's modulus E = 118 GPa based solely on our experimental measurements. Although our technique was not designed explicitly to determine E, this value for E is consistent with the literature values for Ti-6Al-4V and will be used later in the text. The value of R = ͓⌬ e / ⌬x 3 ͔ −1 for the specimen after unloading from P = 3.67 kN to ϳ0 ͑after͒ is indicated in Fig. 6 . Based purely on experimental data 23 the effective residual stress bending moment for the P ϳ 0 ͑after͒ data is M͑residual͒ = M after = 7.6 N m. Fig. 5͑a͒ . Note that the slope is equal to the specimens' radius of curvature. The radius of curvature of the after load release ͑i.e., P ϳ 0͒ strain profile is used to estimate the residual stress related bending moment in this case.
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B. Plasticity induced Bragg line broadening
In Fig. 5͑b͒ the fitted FWHM of the ͕100͖ ␣-Ti Bragg lines is plotted for each of the strain profiles shown in Fig.  5͑a͒ . One observes a systematic increase in the FWHM in the plastically deformed regions. The spatial position of the FWHM increase coincides with plasticity break in the strain profile, and the higher bending load data manifest greater Bragg line broadening. The status of the Bragg-line-width increase as marker of plasticity is clarified in Fig. 7 . There the P = 3.67 kN loaded and subsequent load-released P ϳ 0 strain profiles are plotted along with the corresponding FWHM results. The break in slope of the strain curves, demarcating the entrance into the plastic zones, is clearly correlated with the Bragg line width increase. The origins of the increase in ͕100͖ ␣-Ti line broadening with increasing deformation into the plastic regime should, in principle, be related to changes in dislocation density in the material. [18] [19] [20] However, such an analysis will be deferred to another report as it will involve multiple line analysis of the diffraction pattern for line broadening, and will not be further pursued here.
C. Total, elastic, and plastic strain contributions
As noted above, the EDXRD method measures only the elastic strain. However, the controlled linear variation in the total strain across the bent specimen offers the opportunity to obtain the plastic strain as well. This is illustrated in Fig. 7͑a͒ where both the P = 3.67 kN and subsequently released P =0 strain profiles are shown. The elastic central portions of these profiles were fitted with linear functions, as indicated by the dotted lines in the figure. The linear region defines the radius of curvature and the linear variation in the total strain across the entire specimen. In the plastic zones, the EDXRD measured values provide the elastic strain. Therefore, the plastic strain can be obtained by subtracting the measured elastic from the extrapolated total strain, i.e., p = − e . These plastic strains at the edges of the specimen on the loaded and unloaded cases are indicated by arrows in Fig. 7͑a͒ .
Since the total strain ͑͒ variation across the specimen at a given load is fixed by the specimen's radius of curvature, one can extrapolate the linear, elastic, central portion of the e versus x 3 in Fig. 7͑a͒ to determine the over the entire specimen. By using the extension of the linear central region to extract the values for the P = 3.62 kN load data in Fig.  7͑a͒ , the elastic strain, e , as measured directly by EDXRD is plotted versus total strain, , as shown in Fig. 8͑a͒ ͓the same procedure has been used for all finite load curves shown in Fig. 5͑a͔͒ . The resulting e versus data for all of the P 0 data from Fig. 5͑a͒ has been superimposed on the P = 3.67 kN load trace. As seen in Fig. 8͑a͒ , all of the P 0 FIG. 7. ͑Color online͒ Plot showing the variation in the ͑a͒ e strain profiles and ͑b͒ fitted Bragg line FWHM as a function of depth ͑x 3 -axis͒ for the bending moment P = 3.67 kN and after-load-released conditions ͑P ϳ 0͒. The slope of the e curves defines the radius of curvature, and extrapolation of this linear strain variation provides the total strain = ͑ e + p ͒, allowing one to obtain the plastic strain ͑ p ͒ using p = − e . The p contributions at the edges of the specimens are indicated by arrows in the figure. For the P ϳ 0 profiles the compressive and tensile strain contributions from the residual stresses are indicated by "c" and "t" at the specimen edges. The linear strain response to the residual bending moment ͑see Fig. 6͒ is indicated by the label "bend. "   FIG. 8 . ͑Color online͒ ͑a͒ Plot of the elastic strain ͑ e ͒ vs total strain ͑͒ for all of the finite load curves in Fig. 4͑a͒ . Here was extracted, as illustrated in Fig. 6 . The conversion of e to stress ‫ء‬ is shown on the right scale assuming E = 118 GPa. Here, note the scaling collapse of all the data on a generalized e vs curve, which with ‫ء‬ = EЈ e becomes a generalized compression-tension stress-strain curve ͓see Eq. ͑2͒ for the definition of EЈ͔. ͑b͒ Plot of the plastic strain ͑ p = − e ͒ vs total strain ͑͒ for all of the finite load curves in Fig. 5͑a͒ . The formalism illustrated in Fig. 6 was used to determine p . Here, note the scaling collapse of all the p results in a generalized p vs curve. data from Fig. 5͑a͒ collapse onto a single universal e versus curve. With E = 118 GPa ͑obtained in this study͒ and Eq. ͑2͒, the 11 stress component was computed. The variation is shown on the right-hand side of the plot in Fig. 8͑a͒ . The resultant curve in Fig. 8͑a͒ can be interpreted as an elastoplastic stress-strain curve spanning both the compression and tension regimes for this Ti-6Al-4V alloy.
In Fig. 8͑b͒ the p versus plot of all finite load data is shown. The p results were obtained simply via p = − e using the measured e and the calculated for all data points from Fig. 5͑a͒ . Both the tensile and compressive plastic strains, which grows into the specimen from the surfaces with increasing load, can be seen to collapse into a single universal curve when plotted versus the total strain . Thus both the elastic and plastic strains manifest universal behavior in the total strain variable .
D. Residual stresses
In a previous paper we have verified experimentally the biaxial state of strain that develops upon releasing the external bending load for a shot peened Ti-6Al-4V specimen in which a near-surface plastically deformed region has been created which is too long to "fit" an underlying plate. 1 In the shot peened case, compressive and tensile accommodation residual stresses arise in the near-surface plastically deformed layer and underlying plate, respectively. An additional equilibrating residual elastic bending moment also must arise to balance this compression-tension force couple. In the present case, residual stresses were developed during plastic deformation of the outer fibers of the plate where plasticity sets in, as shown schematically in Fig. 3͑b͒ . The state of stress in this case is governed by Eq. ͑2͒. The cylindrical geometry imposed by the four-point bending apparatus leads into plane strain condition 22 =0.
The residual stresses develop upon release of the load can be broken down into two contributions. The first varies across the specimen and has a magnitude of ͉EЈ p ͉. On the compressively loaded, too-short side of the specimen, this residual stress contribution must be tensile and the strain response is labeled by "t" in Fig. 7͑a͒ . On the tensile-loaded, too-long side of the specimen this residual stress contribution must be compressive and the strain response is labeled by "c" in Fig. 7͑a͒ . The second contribution comes from equilibrating residual elastic bending moment, which must develop to balance this compression-tension force couple. The linear elastic residual bending moment response in the center of the specimen can clearly be seen in Fig. 7͑a͒ and its extrapolated contribution over the entire specimen is indicated by a dotted line, labeled "bend," in the figure. The residual bending moment associated with the strain is M͑residual͒ = 7.6 N m, as noted in the discussion of Fig. 6 .
E. EDXRD strain resolution
As a corollary to the foregoing discussion, we note that the nominal strain resolution achievable by EDXRD is often cited as ϳ10 −4 , although no test evaluating such resolution has been ͑to the authors' knowledge͒ reported to date. To overcome this indeterminacy, we provide an estimate of the resolution of the data reported in this study below.
By using the controlled linear strain gradient produced by four-point bending, a series of experiments was performed, at the P = 3.27 kN load level, over progressively shorter intervals in the x 3 direction until the experimental scatter about the linear strain was observable. The rms deviation from linearity was 1.5ϫ 10 −5 for the nine points distributed over 4.5 m distance. On the other hand, EDXRD measures the strain in a subset of the grains in a polycrystalline material that is in the diffraction gauge volume. Therefore, intergranular stress distributions will always impose a material-dependent scatter in the EDXRD strain data as the number of grains in the GV decreases, or the spatial step size becomes small enough to probe variations in the intergranular stress distribution. Moreover, 1 m is also the formal specification limit on the reproducibility of the specimen translation stage used in this study. Hence, the intrinsic resolution of the EDXRD method used in this study is postulated as 1.5ϫ 10 −5 or better, provided that the microstructure of the material in question is not the limiting factor in the sense indicated above, which is not the case in this study as the estimated number of grains within the GV used is ϳ11 000.
IV. CONCLUSIONS
We have provided a macroscopic phenomenological description of elastic and plastic strain evolution in Ti-6Al-4V alloy under four-point bending using EDXRD. Strain profiles across the specimen thickness were obtained by which elastic and plastic regimes were identified. An increasing linear elastic strain gradient was observed under increasing fourpoint bending load up to ϳ2 kN. The bulk elastic modulus of Ti-6Al-4V was determined to be 118 GPa. By taking advantage of the in situ nature of the approach used in this study, which allowed us to induce plastic deformation in a controlled fashion, its correlation with residual strains upon load removal was established. The onset of plastic deformation was found to set in at a total strain of ϳ0.008 both under tension and compression. The data indicated that plastic deformation under bending is initiated in the vicinity of the surface and at a stress of 1100 MPa and propagated inward of the specimen. The onset of the plastic regime as well as the plastic regime itself has been verified by monitoring the line broadening of the ͑100͒ peak of ␣-Ti. The effective compression/tension stress-strain curve from a single strain profile has also been obtained. We have also assessed the level of precision in strain measurement for the data reported herein and found it to be 1.5ϫ 10 −5 or better.
